Fibrotic responses involve multiple cellular processes, including epigenetic changes. Epigenetic changes are sensitive to alterations in the tissue microenvironment such as the flux of tricarboxylic acid (TCA) cycle metabolites. TCA metabolites directly regulate epigenetic states, in part by regulating histone modification-related enzymes. Glutaminolysis is a critical metabolic process by which glutamine is converted to glutamate by glutaminase and then to a-ketoglutarate (a-KG), a TCA cycle metabolite. Idiopathic pulmonary fibrosis (IPF) is a disease characterized by aberrant metabolism, including enhanced glutaminolysis. IPF fibroblasts are apoptosis resistant. In this study, we explored the relationship between glutaminolysis and the resistance to apoptosis of IPF fibroblasts. Inhibition of glutaminolysis decreased expression of XIAP and survivin, members of the inhibitor of apoptosis protein (IAP) family. a-KG is a cofactor for JMJD3 histone demethylase, which targets H3K27me3. In the absence of glutamine, JMJD3 activity in fibroblasts is significantly decreased, whereas H3K27me3 levels are increased. Chromatin immunoprecipitation assays confirmed that JMJD3 directly interacts with XIAP and survivin promoter regions in a glutamine-dependent manner.
Idiopathic pulmonary fibrosis fibroblasts are apoptosis resistant. This study demonstrates a novel mechanism whereby glutaminolysis epigenetically upregulates the antiapoptotic genes XIAP and survivin in idiopathic pulmonary fibrosis fibroblasts.
Recent studies indicate that fibrotic diseases such as idiopathic pulmonary fibrosis (IPF) are characterized by aberrant metabolism (1, 2) , and myofibroblast differentiation is associated with metabolic reprogramming characterized by increased oxidative phosphorylation and aerobic glycolysis (3, 4) . Glutaminolysis converts the nonessential amino acid glutamine (Gln) to glutamate through glutaminase (GLS) and then to a-ketoglutarate (a-KG) by glutamate dehydrogenase (5) to enter the tricarboxylic acid (TCA) cycle. This is a key metabolic process that is required for myofibroblast differentiation (6) , supporting an important role for glutaminolysis in fibrotic lung disease (2, 6, 7) . GLS was reported to be positively correlated with growth rate in normal cells and malignancy in cancers (8) . There are two GLS isoforms, GLS1 (the kidney type) and GLS2 (the liver type), and upregulation of GLS1 is associated with increased rates of proliferation (9) . GLS1 is significantly increased in lung fibrosis and in fibroblasts treated with the profibrotic mediator transforming growth factor-b (7). Acquisition of an apoptosis-resistant phenotype contributes to the accumulation of myofibroblasts in the context of aberrant wound repair and fibrosis (10, 11) . Studies in cancer cells have shown that extracellular Gln levels modulate apoptosis susceptibility, and Gln deprivation can sensitize cancer cells to apoptosis (12, 13 ). The precise mechanisms by which cellular metabolism regulates apoptosis are not clearly defined. Recent studies indicate that TCA metabolites can directly affect epigenetic states and alter cell phenotypes by regulating the activities of histone acetyltransferases and histone demethylases (5) . Specifically, a-KG is a required cofactor for a subset of histone demethylases, the Jumonji-domain-containing (JMJC) 
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enzymes (14) . JMJD3 (jumonji domain-containing protein 3, also called lysine-specific demethylase 6 [KDM6B]) and UTX (ubiquitously transcribed tetratricopeptide repeat, X chromosome) belong to the JMJC demethylase family and are H3K27-specific demethylases (15, 16) .
Given previous studies demonstrating a role for glutaminolysis in the regulation of cancer cell apoptosis (12) and our studies indicating that glutaminolysis regulates lung myofibroblast differentiation (6) , in this work we sought to explore how Gln metabolism may regulate the apoptosis susceptibility of IPF fibroblasts, and to determine whether myofibroblast phenotypes are influenced by metabolically mediated epigenetic changes.
Methods
For details regarding the methods used in this work, see the data supplement.
Cell Culture and Treatments
Human primary IPF lung fibroblasts were derived from deidentified tissues from the University of Alabama at Birmingham Tissue Procurement Facility, which is approved by the University of Alabama at Birmingham Institutional Review Board. The diagnosis of IPF was made by means of a multidisciplinary approach according to American Thoracic Society/European Respiratory Society guidelines (17) . All primary cell lines were used before passage 5. When the cells were z80% confluent, the full medium (with 2 mM L-Gln) was changed to reduced L-Gln at 0.1 or 0 mM. In some experiments, 2 mM a-KG (AK126628, Ark Pharm Inc.) was added to L-Gln-free medium. The cells were harvested for various assays after 48 hours or as indicated.
siRNA Transfection siRNA transfections were performed with Opti-MEM (Thermo Fisher Scientific) using lipofectamine RNAi/MAX (Invitrogen). The sequences for GLS1 (NM_0149054) siRNA and nontargeting siRNA are listed in Table 1 . IPF lung fibroblasts were kept in full medium (2 mM L-Gln) for 48 hours after transfection and then subjected to various assays.
Apoptosis Assays
After 32 hours of incubation in media with 0, 0.1, or 2 mM of Gln, the cells were treated with Fas ligand (FasL; S8689, Sigma) at 200 ng/ml and cycloheximide (Cell Signaling) at 500 ng/ml or with vehicle control for 16 hours to induce apoptosis. Caspase-3 activity was measured as described previously (18) or subjected to Annexin-V FITC/propidium iodide with a kit (MBL International Corp.) (19) .
RNA Extraction and Real-Time RT-PCR
RNA was extracted with an RNeasy Mini Kit (Qiagen) and transcribed into cDNA with a cDNA synthesis kit (Takara Bio).
Real-time RT-PCR was performed in triplicate and normalized to b-actin using the DDCt method (20) . Primers are listed in Table 1 .
Protein/Nuclear Extraction, Immunoblotting, and Demethylase Activity Assays
Whole-cell lysates were collected and quantified with a Micro BCA Protein Assay kit (Thermo Scientific). Nuclear extracts were collected with an EpiQuick Nuclear Extraction kit (Epigentek). Lysates or nuclear extracts were subjected to SDS-PAGE and Western immunoblotting as previously described (21) . Anti-XIAP (#2042), anti-survivin (#2808), anti-bactin (#2128), and anti-H3 (#9715) were obtained from Cell Signaling; anti-GLS1 (cat #12885-1-AP) was obtained from Proteintech; and H3K27me3 (#39155) was obtained from Active Motif. Demethylase JMJD3/UTX activity was measured with nuclear extracts using a kit (#P-3084) from Epigentek.
Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays (ab500, Abcam) were performed according to the manufacturer's protocol with minor modifications (22) . Antibody against JMJD3 (ab38113) was obtained from Abcam. ChIP-DNA was amplified by real-time PCR with the primers listed in Table 1 , using SYBR Green PCR Master Mix (Life Technologies). Results were normalized to input DNA.
Statistical Analysis
Data are presented as the mean 6 SD. All data were statistically analyzed using GraphPad Prism 5.0. One-way ANOVA was used to compare multiple groups, and Student's paired t test was used for comparisons between two groups. A P value of ,0.05 was considered to be statistically significant.
Results

Gln Availability Regulates the Apoptosis Susceptibility of IPF Lung Fibroblasts
A hallmark of fibrotic diseases, including IPF, is fibroblast acquisition of an apoptosisresistant phenotype (10) . Because Gln may regulate apoptosis pathways (23), we examined the effects of exogenous Gln on susceptibility to apoptosis of IPF fibroblasts. IPF fibroblasts were maintained in media with either 2 mM or 0 mM Gln for 32 hours, and then exposed to a combination of FasL and cycloheximide to induce apoptosis. The lack of an exogenous source of Gln predisposed the IPF fibroblasts to increased rates of apoptosis, as assessed by flow-cytometric analysis of Annexin-V ( Figure 1A ) and by cleaved caspase-3 activity assays ( Figure 1B ). This observation suggested that Gln metabolism may regulate apoptosis-/survival-related genes to confer apoptosis resistance to IPF lung fibroblasts.
Glutaminolysis Regulates the Expression of Antiapoptotic Genes in IPF Fibroblasts
We then examined whether specific genes that contribute to apoptosis resistance may be controlled by Gln metabolism. X-linked inhibitor of apoptosis (XIAP) and survivin belong to the inhibitor of apoptosis protein (IAP) family (24) , and have been reported to be upregulated in IPF and to regulate apoptosis susceptibility in lung fibroblasts (25, 26) . We found these genes to be significantly downregulated in Glndeficient media (Gln 0 and 0.1 mM) at both the RNA (Figures 2A and 2B ) and protein (Figures 2C and 2D ; Figure E1B in the data supplement) levels. This was not an effect on global gene expression, as other apoptosis-related genes, such as BID, were not affected under the same conditions ( Figure E1A ).
Because GLS1 is the key enzyme regulating glutaminolysis, which converts Gln to glutamate in IPF lung fibroblasts (6), we next examined the effects of silencing this gene with siRNA in the presence of Gln (2 mM)-containing medium. Silencing GLS1 recapitulated the downregulation of XIAP and survivin in Gln-deficient media ( Figures 2E-2H ), further supporting a role for Gln-glutamate flux in regulating the expression of these antiapoptotic genes.
Gln Metabolism Regulates Histone Modification H3K27me3 in IPF Fibroblasts
Histone modifications are critical for gene regulation of most biological processes (27) , and this may be influenced by the 
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availability of TCA metabolites (28) . Gln has been reported to alter histone methylation status (16, 29) . We examined whether reduced Gln metabolism alters H3K27me3. With reduced Gln, we observed that levels of H3K27me3 were significantly increased in IPF fibroblasts ( Figures 3A, 3B , and E2A). Consistent with that finding, GLS1 silencing similarly increased H3K27me3 levels ( Figures 3C  and 3D ), supporting the concept that glutaminolysis controls the epigenetic reprogramming of IPF fibroblasts. Other histone modifications, such as H3K9Me3 and H3K9Ac, showed no significant changes under the same conditions as in Figure 3A ( Figure E2B ). Together, these data support a critical role for Gln metabolism in regulating the levels of H3K27me3 in IPF fibroblasts.
The Gln Metabolite a-KG Regulates JMJD3/UTX Activity and H3K27me3 Levels in IPF Fibroblasts H3K27 methylation is specifically targeted by the JMJD3/UTX demethylases (15) . These enzymes contain the JMJC domain and use a-KG as a cofactor for their activity (14) . a-KG is a metabolite that is largely derived from Gln metabolism and has been reported to be upregulated in lung myofibroblasts (7) . We hypothesized that the observed increase in H3K27me3 levels under conditions of reduced glutaminolysis may be a consequence of decreased a-KG generated from Gln metabolism. To examine this possibility, we measured JMJD3/UTX activity in IPF fibroblasts cultured in the presence and absence of Gln, and observed significantly decreased activity in Gln-free conditions ( Figure 4A) . Importantly, the addition of cellpermeable a-KG to the culture medium restored JMJD3/UTX activity ( Figure 4A ). In parallel, the increased levels of H3K27me3 in Gln-free conditions was partially reversed by addition of exogenous a-KG (Figures 4B, 4C, and E2C) . Together, these experiments indicate that reduced levels of a-KG, at least partially, account for the decreased activity of JMJD3/UTX demethylases and increased levels of H3K27me3 under conditions of reduced glutaminolysis.
a-KG Regulates the Gene Expression of XIAP, but Not Survivin
Because a-KG rescued the activity of histone demethylases and related H3K27me3 under conditions of Gln depletion, we examined whether a-KG could restore XIAP and survivin expression as well. Interestingly, although XIAP expression was partially restored with the introduction of exogenous a-KG in Gln-free medium, at both the mRNA ( Figure 5A ) and protein ( Figures  5C and 5D ) levels, the expression of survivin was not significantly altered ( Figures 5B-5D and E3 ). This indicates that Gln metabolism may regulate the expression of apoptotic-related genes by a-KG-dependent and -independent mechanisms.
JMJD3 Associates with the Gene Promoter Regions of both XIAP and Survivin
Based on our observation that, in contrast to XIAP levels, survivin levels failed to recover with a-KG reconstitution, we explored whether this TCA metabolite, a-KG, mediates differential association of the JMJD3 demethylase with the promoter regions of these genes. ChIP assays showed that the association of both genes with JMJD3 was significantly reduced by Gln depletion, but was enhanced upon addition of a-KG (Figures 6A and 6B ). These data suggest that despite the regulation of JMJD3 binding and activity by Gln metabolism, XIAP and survivin transcriptions are differentially controlled.
Discussion
Gln is the most abundant amino acid in the body and serves as a critical precursor of many important biological processes (30) . In recent years, metabolic reprogramming has been recognized as one of the hallmarks of cancer (31) , and restriction of Gln metabolism has been shown to inhibit tumor growth through various mechanisms, including apoptosis induction (23) . In line with reports of mechanistic similarities between cancer and IPF biology (32, 33) , enhanced glutaminolysis has also been shown in IPF lungs (2, 7) . In this report, we show that Gln contributes to the apoptosis resistance of IPF lung fibroblasts, and that reduced Gln metabolism sensitizes IPF fibroblasts to FasL-induced apoptosis, suppresses antiapoptotic gene expression, and alters the epigenetic status of the cells ( Figure 6C ). These results provide novel insights into the mechanisms by which epigenetic reprogramming mediated by Gln metabolism regulates IPF fibroblast susceptibility to apoptosis. To our knowledge, this is the first study to demonstrate that the antiapoptotic genes XIAP and survivin are regulated by Gln metabolism through a-KG-dependent and -independent mechanisms.
Several prior studies have shown that deficient Gln metabolism can enhance apoptosis in both normal cells and cancer cells through a variety of mechanisms. For example, studies in rat intestinal epithelial cells showed that Gln deprivation induced apoptosis (34) , which involves the activation of caspase-3 (35) . Similarly, in human colon cancer cells, Gln was shown to inhibit TNF-a-related apoptosisinducing ligand apoptosis, although the mechanism involved in Gln-mediated protection from apoptosis was not identified (36) . Consistent with a role for Gln metabolism in apoptosis resistance, other studies reported that Gln deprivationinduced apoptosis activates different pathways and apoptosis-related genes (37, 38) . Due to the heterogeneous nature of IPF fibroblasts, different fibroblast populations would be expected to show some differences in glutaminolysis and/or responses to metabolites. Our data demonstrate that some IPF fibroblasts are more sensitive than others to changes in Gln metabolism. Nonetheless, we observed that Gln deprivation consistently led to decreased expression of the IAP family members XIAP and survivin, and increased activated caspase-3 in IPF lung fibroblasts. The increased apoptosis associated with decreased levels of XIAP and survivin in IPF fibroblasts is consistent with prior studies demonstrating that these IAPs are expressed at increased levels in IPF fibroblasts (25, 26, (39) (40) (41) , further DNA was immunoprecipitated with the specific antibody JMJD3. Bars represent the relative levels of the PCR product of the XIAP or survivin promoter region's association with JMJD3. qPCR data were analyzed using the 2 2DDCt method, and results normalized to input DNA were expressed as fold changes relative to cells in 2 mM Gln. Bar graphs represent mean 6 SD from the average of three independent experiments in a representative cell line. *P , 0.05 compared with 2 mM Gln. (C) Schematic demonstrating that the glutaminolysis metabolite a-KG affects JMJD3, which further affects H3K27me3 levels and the expression of XIAP and survivin in an a-KG-dependent or -independent pathway, which alters the IPF fibroblasts' susceptibility to apoptosis.
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supporting a role for IAP-mediated fibroblast resistance to apoptosis in IPF.
Emerging evidence demonstrates that cellular metabolism can regulate epigenetic states (42) (43) (44) . Jumonji-domain (Jmjc-KDM)-containing histone demethylases require the metabolite of glutaminolysis, a-KG, as their cofactor (45) . Consistently, we found that deficient glutaminolysis impaired JMJD3 demethylase activity, which was restored by exogenous addition of cell-permeable a-KG. The methylation levels of histone are controlled by a balance of the activities of its respective demethylases and methyltransferases, which could be affected by various metabolic factors. For example, the H3K27me3 methyltransferase EZH2 (29) is regulated by hypoxia-inducible factor 1 (46) , which has been reported to be affected by Gln metabolism (47) . Currently, the specific role of EZH2 in regulating H3K27me3 in IPF fibroblasts is not known, although it is unlikely that EZH2 expression or activity is directly regulated by Gln. Studies in other cell types have demonstrated that Gln deprivation may affect a different set of histone methylation modifications (16, 29) , which could explain the variability of responses in different tissues.
Histone demethylases are known to regulate gene transcription (48) (49) (50) . JMJD3 was reported to regulate gene expression independently of its demethylase activity (51) (52) (53) . Our data show that in Glndeficient medium, exogenous a-KG promotes binding of JMJD3 to the promoter regions of XIAP and survivin. Surprisingly, despite similar binding of JMJD3 to the XIAP and survivin promoters, only XIAP expression levels were dependent on a-KG, suggesting that additional mechanisms are involved in survivin gene transcription (54) . Epigenetically, survivin can be regulated by DNA methylation (55) and histone modification (56) , both of which can be affected by Gln metabolism (57) . A study in cancer cells indicated that p53 recruits DNA methyltransferase 1 to the survivin gene promoter to downregulate its expression (58) . PI3K/Akt and NF-kB are implicated in survivin transcriptional regulation (40, 59, 60) , and both of these pathways are modulated by Gln metabolism (61) . Other factors, such as hypoxia-inducible factor 1a, which is altered by Gln metabolism in IPF fibroblasts (6), can also regulate survivin expression (54, 62) . Studies are underway to explore the mechanism by which Gln metabolism regulates survivin expression in our experimental model.
The role of Gln metabolism in the regulation of cancer cell survival and proliferation has generated substantial interest in targeting Gln metabolism as a therapeutic strategy in cancer (12, 63) . Emerging evidence suggests that glutaminolysis is critical for the pathogenesis of pulmonary fibrosis (6, 7). Our current study demonstrates that interfering with Gln metabolism sensitizes IPF fibroblasts to undergo apoptosis, a mechanism that is essential for the resolution of fibrosis in the lungs and other organs. This novel mechanism by which Gln metabolism regulates the fibroblast phenotype through epigenetic mechanisms supports the potential for interventions to restrict Gln metabolism in fibrotic diseases such as IPF. n
